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Abstract

Enhanced signaling through RAS and the mitogen-associated protein kinase (MAPK)
cascade underlies the RASopathies, a family of clinically related disorders affecting
development and growth. In RASopathies, increased RAS-MAPK signaling can result
from the upregulated activity of various RAS GTPases, enhanced function of proteins
positively controlling RAS function or favoring the efficient transmission of RAS sig-
naling to downstream transducers, functional upregulation of RAS effectors belong-
ing to the MAPK cascade, or inefficient signaling switch-off operated by feedback
mechanisms acting at different levels. The massive effort in RASopathy gene discov-
ery performed in the last 20 years has identified more than 20 genes implicated in
these disorders. It has also facilitated the characterization of several molecular acti-
vating mechanisms that had remained unappreciated due to their minor impact in
oncogenesis. Here, we provide an overview on the discoveries collected during the
last 5 years that have delivered unexpected insights (e.g., Noonan syndrome as a
recessive disease) and allowed to profile new RASopathies, novel disease genes and

new molecular circuits contributing to the control of RAS-MAPK signaling.
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1 | THE GENETICS OF NOONAN
SYNDROME AND CLINICALLY RELATED
DISORDERS: AN HISTORICAL PERSPECTIVE

In 2001, PTPN11 (MIM: 176876), encoding SHP2, a non-receptor pro-
tein tyrosine phosphatase having a relevant role in intracellular signal-
ing and various developmental processes (Tajan, de Rocca Serra,
Valet, Edouard, & Yart, 2015; Tartaglia & Gelb, 2005), was identified
as the major Noonan syndrome (NS, MIM: PS163950) disease gene
using a positional candidacy approach (Tartaglia et al., 2001). In the
ensuing years, studies performed by the same team and several others
provided evidence that pathogenic variants in this gene account for

approximately 50% of NS, defined the mutational spectrum

characterizing the disorder, demonstrated their activating role on
SHP2's functional dysregulation, and established clinically relevant
genotype-phenotype associations (Fragale, Tartaglia, Wu, &
Gelb, 2004; Tartaglia et al., 2002; Zenker et al., 2004). Following this
key discovery, a distinct set of PTPN11 mutations was identified in
individuals with NS with multiple lentigines (NSML, MIM: PS151100),
also known as LEOPARD syndrome (Digilio et al., 2002; Legius
et al.,, 2002), a developmental disorder known to be closely related to
NS, providing first evidence of allelic heterogeneity for PTPN11.

At that time, clinical reports had highlighted a specific association
between NS and myeloproliferative disorders, including juvenile mye-
lomonocytic leukemia (JMML; MIM: 607785; Bader-Meunier
et al., 1997; Choong et al., 1999). In 2003, based on that association,
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missense mutations in PTPN11 were discovered as somatic events in
JMML, as well as in childhood myelodysplastic syndromes (MDS) and
acute myeloid leukemia (AML; Tartaglia et al., 2003). This work also
identified a subset of germline variants in this gene specifically predis-
posing to JMML in NS. Subsequent studies further expanded the con-
tribution of somatic PTPN11 mutations in malignancies (Loh
et al., 2004; Tartaglia et al., 2004, 2005), demonstrating their specific
relevance in the context of childhood neoplasias (Bentires-Alj
et al., 2004; Hugues et al., 2005; Johan et al., 2004; Loh et al., 2005;
Watkins, Fidler, Boultwood, & Wainscoat, 2004). Notably, those stud-
ies elucidated the different spectrum of NS-causing and leukemia-
associated mutations, suggesting a differential quantitative perturbing
effect of the two classes of mutations in upregulating SHP2's function
and RAS-MAPK signaling. These findings also provided evidence sup-
porting the notion that upregulation of RAS-MAPK signaling, a signal
transduction cascade acting as a well-known driver event in oncogen-
esis when strongly upregulated, may be compatible with embryogene-
sis and development and underlie a developmental disorder when
mildly upregulated (Tartaglia et al., 2003). This working hypothesis
was confirmed by studies that functionally characterized these classes
of mutations, demonstrating their direct impact on RAS-MAPK signal-
ing (R. J. Chan et al, 2005; Fragale et al., 2004; Keilhack, David,
McGregor, Cantley, & Neel, 2005; Schubbert et al., 2005; Tartaglia
et al., 2006). This unpredicted scenario was further confirmed by the
identification of activating pathogenic variants of HRAS, a proto-
oncogene frequently mutated in cancer, as the molecular cause of
Costello syndrome (CS; MIM 218040), a disorder related to NS char-
acterized by an overall more severe clinical presentation and predispo-
sition to certain malignancies (Aoki et al., 2005).

Based on those pioneering discoveries, a massive screening effort
using functional candidacy (i.e., mutation scan of genes with role in
RAS signaling and downstream pathways, including the MAPK cas-
cade) was performed in the subsequent 5 years, resulting in the iden-
tification of several disease genes implicated in NS (KRAS [MIM:
190070], SOS1 [MIM: 182530], RAF1 [MIM: 164760], BRAF [MIM:
164757], MAP2K1 [MIM: 176872], and NRAS [MIM: 164790]) and
cardiofaciocutaneous syndrome (CFCS; MIM PS 115150; KRAS, BRAF,
MAP2K1, and MAP2K2 [MIM: 601263]; Figure 1, Table 1; Tartaglia,
Gelb, & Zenker, 2011; Aoki & Matsubara, 2013; Rauen, 2013). This
activity resulted in the clinical and molecular definition of new related
disorders, including Legius syndrome [MIM: 611431], Mazzanti syn-
drome, also known as Noonan syndrome-like disorder with loose ana-
gen hair (MIM: PS607721) and CBL syndrome (MIM: 613563),
respectively caused by mutations in the SPRED1 (MIM: 609291),
SHOC2 (MIM: 602775) and CBL (MIM: 165360) genes (Brems
et al., 2007; Cordeddu et al., 2009; Martinelli et al., 2010; Niemeyer
et al., 2010; Pérez et al., 2010). Of note, before the introduction of
massive parallel sequencing, functional candidacy represented the
only available gene hunting strategy since no sufficiently informative
PTPN11 mutation-negative family had been identified to support a
genetic characterization driven through linkage analysis and positional
candidacy. This new knowledge enabled more precise characterization

of the clinical variability and genetic heterogeneity of NS and CFCS

but also an appreciation of the occurrence of a shared molecular basis
underlying the clinical overlap of these developmental disorders,
which are currently collectively known as “RASopathies". Even though
an autosomal recessive form of NS had been suggested (van der
Burgt & Brunner, 2000), these findings documented an apparently
invariant autosomal dominant inheritance pattern for these diseases,
which has only recently been reconsidered (Johnston et al., 2018;
Motta et al., 2021).

During the last 10 years, the use of hypothesis-free disease gene
discovery approaches based on genome-wide sequencing has facili-
tated the identification of additional RASopathy genes (Figure 1,
Table 1). Some of them had already been recognized as relevant signal
transducers or modulators of RAS proteins and the MAPK cascade
(e.g., SOS2 [MIM: 601247]); on the other hand, the functional link to
this signaling network was not obvious for others (e.g., LZTR1 [MIM:
600574]). In this review, we briefly outline the molecular mechanisms
affecting RAS-MAPK signaling in RASopathies and provide an over-
view on the novel disease genes and new RASopathies emerged in
the last few years.

2 | MOLECULAR MECHANISMS
PERTURBING RAS-MAPK SIGNALING IN
RASOPATHIES: COMMON THEMES AND
NEW PLAYERS

RAS proteins are small guanosine triphosphate (GTP)/guanosine
diphosphate (GDP)-binding GTPases functioning as molecular
switches that control diverse cellular processes (e.g., cell fate determi-
nation, proliferation, survival, differentiation, migration, and senes-
cence) by modulating a multifaceted signaling network (Cox, Fesik,
Kimmelman, Luo, & Der, 2014; Pylayeva-Gupta, Grabocka, & Bar-
Sagi, 2011; Simanshu, Nissley, & McCormick, 2017). RAS proteins are
activated in response to the binding of extracellular ligands
(e.g., growth factors) to cognate cell surface receptors, which pro-
motes the recruitment of guanine nucleotide-exchange factors (GEFs)
to the plasma membrane and their binding to RAS proteins, favoring
the release of GDP and binding to the more prevalent GTP in the lat-
ter. Activated GTP-bound RAS interact with different effector pro-
teins promoting signal flow (Simanshu et al., 2017). The mitogen-
activated protein kinase (MAPK) cascade (Figure 1), which is a major
signaling pathway downstream of RAS (Klomp, Klomp, & Der, 2021;
Yoon & Seger, 2006), is activated by the recruitment of the RAF ser-
ine/threonine kinases (RAF1, BRAF, and ARAF) to the cytoplasmic
surface of cellular membranes, favoring their catalytic activation. In
turn, the first tiers of this cascade phosphorylate and activate their
substrates, the dual specificity MAPK/ERK kinases (MEK1 and
MEK?2). Upon activation, MEK proteins phosphorylate regulatory resi-
dues of the extracellular signal-regulated kinases (ERK1 and ERK2),
which are serine/threonine protein kinases that modulate the activity
of a large number of cytoplasmic and nuclear substrates. Multiple sig-
naling platforms and feedback mechanisms control the specificity and

extent of signal flow through this pathway at different levels (Klomp
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functional delineation of previously uncharacterized circuits
with role in RAS-MAPK signaling

¢

RASopathy genes and the role of their encoded proteins in the RAS-MAPK signaling cascades. (a) Cartoon listing the genes

implicated in RASopathies and their year of discovery. Genes requiring further clinical delineation and/or functional validation in the context of
the RASopathies are shown in red. Milestones linked to these discoveries are also reported. D and R indicate dominant and recessive,
respectively. (b) The RAS-MAPK signaling cascade. The cartoon shows the signal flow through the pathway (black arrows), together with the
proteins positively (blue) and negatively (red) controlling the cascade. Signaling upregulation occurring in RASopathies results from enhanced
activity of RAS proteins (i.e., HRAS, KRAS, NRAS, MRAS, RRAS, RRAS2, and RIT1), upstream positive signal transducers and regulators (i.e., SHP2,
S0OS1, and SOS2), proteins favoring transmission of RAS signaling to downstream transducers (i.e., MRAS, SHOC2, and PPP1CB), and tiers of the
MAPK cascade (i.e., BRAF, RAF1, MAP2K1, MAP2K2, and MAPK1). Signaling upregulation also results from inefficient signaling switch-off
operated by multiple feedback mechanisms (i.e., defective/impaired function of CBL, neurofibromin, LZTR1, SPRED1, and SPRED?2). P and Ub

indicate phosphorylation and ubiquitination, respectively.

et al., 2021; Kolch, 2005; Lake, Corréa, & Midiller, 2016), including the
functional inactivation of RAS by GTPase activating proteins (GAPs),
which stimulate their intrinsically low GTPase activity.

Pathogenic variants in more than 20 genes encoding signal trans-
ducers or regulators with role in the RAS-MAPK signaling network
have been established to underlie RASopathies (Capri et al., 2019;
Grant et al., 2018; Motta et al., 2021; Motta, Pannone, et al., 2020;
Niihori et al., 2019). In these disorders, increased signaling through
RAS and the MAPK cascade can result from upregulated activity of
RAS proteins (i.e.,, HRAS, KRAS, NRAS, MRAS, RRAS, RRAS2, and
RIT1), enhanced function of upstream signal transducers and regula-
tors positively controlling RAS function (i.e., SHP2, SOS1, and SOS2)
or downstream proteins favoring the efficient transmission of RAS sig-
naling to downstream transducers (i.e., MRAS, SHOC2, PPP1CB), RAS
effectors belonging to the MAPK cascade (i.e., BRAF, RAF1, MAP2K1,
MAP2K2, MAPK1), as well as from the inefficient signaling switch-off

by feedback mechanisms acting at different levels converging to
down-modulate RAS function (i.e., CBL, LZTR1, neurofibromin,
SPRED1, and SPRED2; Figure 1).

A remarkable finding that has emerged in dissecting the molecular
causes of RASopathies is the occurrence of conserved themes in the
mechanism of disease. This applies to mutations affecting genes
encoding the various members of the RAS superfamily of GTPases
that have been implicated in these disorders (Aoki et al., 2005; Capri
et al., 2019; Cirstea et al., 2010; Flex et al., 2014; Higgins et al., 2017;
Motta, Sagi-Dain, et al., 2020; Niihori et al., 2019; Schubbert
et al., 2006). These missense mutations generally affect a small num-
ber of highly conserved amino acid residues that lead to hyperactiva-
tion of these proteins by decreasing/impairing their GTPase activity in
response to GTPase activating proteins (GAPs) or increasing guanine
nucleotide exchange factor (GEF)-independent GDP release. Remark-

ably, as anticipated for NS-causing and leukemia-associated PTPN11
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TABLE 1 List of genes implicated in Noonan syndrome and clinically related disorders.
Gene Protein function in
(OMIM ID) RAS-MAPK signaling  RASopathy (OMIM ID) Notes (OMIM ID) Reference
CBL (165360) Negative regulator CBL-related RASopathy (613563) JMML 1-3
(Ub)
PTPN11 (176876) PTP (multiple NS (163950) JMML; pediatric cancers; PVS, via MAPK 4-6
substrates) NSML (151100) upregulation (NS) 7-9
HCM, via PI3K-AKT upregulation (NSML)
S0OS1(182530) GEF NS (610733) Genotype-phenotype correlations 10,11
SOS2 (601247) GEF NS (616559) Genotype-phenotype correlations 12,13
HRAS (190020) RAS GTPase CS (218040) Cancer predisposition, mosaic RASopathies 14
(162900, 163200, 137550)
KRAS (190070) RAS GTPase Wide RASopathy spectrum Postzygotic events involving oncogenic variants 15-17
(615278, 609942) in mosaic RASopathies (108010, 600268,
163200)
NRAS (164790) RAS GTPase NS (613224) Postzygotic events involving oncogenic variants 18
in mosaic RASopathies (162900, 137550,
163200)
NF1(613113) GAP NF1 (162200, 601321, 193520) Cancer predisposition 19
LZTR1 (600574) Negative control NS (616564, 605275) Dominant and recessive forms 2,20-22
(Ub) Schwannomatosis (615670) 23
SPRED1 (609291) Negative control LS (611431) 24
(RAS)
SPRED2 (609292) Negative control NS (619745) Recessive form 25
(RAS)
RIT1 (609591) RAS GTPase NS (615355) HCM 26
RRAS2 (600098) RAS GTPase NS (618624) 27,28
SHOC2 (602775) Positive regulator NSLAH (607721) Narrow mutational spectrum, p.Ser2Gly, >95% 29
(RAF1) of cases
MRAS (608435) RAS GTPase NS (618499) HCM 30,31
PPP1CB (600590) SPP (RAF1/BRAF) NSLAH (617506) 32
RAF1 (164760) Kinase (MAP2K1/2) NS (611553) HCM 33,34
BRAF (164757) Kinase (MAP2K1/2) CFCS (115150) Wide RASopathy spectrum (613707, 613706) 16,35,36
MAP2K1 (176872) Kinase (MAPK1/2) CFCS (615279) NS, rarely; melorheostosis (155950) 35,37
MAP2K2 (601263) Kinase (MAPK1/2) CFCS (615280) 35,37
MAPK1 (176948) Kinase (multiple MAPK1-related RASopathy 38
substrates) (619087)

Note: References: 1, Martinelli et al., 2010; 2, Niemeyer et al., 2010; 3, Pérez et al., 2010; 4, Tartaglia et al., 2001; 5, Tartaglia et al., 2002; 6, Tartaglia

et al,, 2003; 7, Digilio et al., 2002; 8, Legius et al., 2002; 9, Hanna et al., 2006; 10, Tartaglia et al., 2006; 11, Roberts et al., 2007; 12, Yamamoto

et al., 2015; 13, Cordeddu et al., 2015; 14, Aoki et al., 2005; 15, Schubbert et al., 2006; 16, Niihori et al., 2006; 17, Carta et al., 2006; 18, Cirstea

et al,, 2010; 19, Wallace et al., 1990; 20, Johnston et al., 2018; 21, Motta et al., 2019; 22, Pagnamenta et al., 2019; 23, Piotrowski et al., 2014; 24, Brems
et al,, 2007; 25, Motta et al., 2021; 26, Aoki et al., 2013; 27, Capri et al., 2019; 28, Niihori et al., 2019; 29, Cordeddu et al., 2009; 30, Higgins et al., 2017;
31, Motta et al., 2020; 32, Gripp et al., 2016; 33, Pandit et al., 2007; 34, Razzaque et al., 2007; 35, Rodriguez-Viciana et al., 2006; 36, Sarkozy et al., 2009;

37, Nava et al., 2007; 38, Motta et al., 2020.

Abbreviations: CFCS, cardiofaciocutaneous syndrome; CS, Costello syndrome; GAP, GTPase activating protein; GEF, guanine nucleotide exchange factor;
HCM, high prevalence of hypertrophic cardiomyopathy; JMML, predisposition for juvenile myelomonocytic leukemia; LS, Legius syndrome; NF1,
neurofibromatosis type I; NS, Noonan syndrome; NSLAH, Mazzanti syndrome (aka Noonan syndrome-like disorder with loose anagen hair); NSML,
LEOPARD syndrome (aka Noonan syndrome with multiple lentigines); SPP, serine/threonine-specific protein phosphatase; PTP, protein tyrosine
phosphatase; PVS, high prevalence of pulmonary valve stenosis; Ub, ubiquitination of signal transducers.

mutations, the germline mutations affecting these genes may involve
the same residues that represent hot spots in cancer, but the former
are generally less activating than the latter.

The massive effort in RASopathy gene discovery has facilitated

the identification of a number of new molecular mechanisms

dysregulating RAS-MAPK signaling that had remained unappreciated
due to their negligible impact in oncogenesis. It is also worth noting
that most RASopathy-causing mutations show functional convergence
operating at the level of RAS and RAF proteins. Indeed, the defective

function of an increasing number of proteins (i.e., neurofibromin,



TARTAGLIA ET AL

AMERICAN JOURNAL OF

medical genetics

_WILEY_L*®

LZTR1, SPRED1 and SPRED2) provides evidence of multiple circuits
implicated in the negative control of RAS function as a recurrent
theme of RAS-MAPK signaling upregulation in RASopathies (Bergoug
et al.,, 2020; Brems et al., 2007; Motta et al., 2021; Piotrowski
et al., 2014). A second shared leitmotif includes different mechanisms
favoring a more stable GTP-bound RAS-RAF1 interaction, which is a
key step required for efficient MAPK activation. Indeed, the major
mutation cluster identified in RAF1 (>80% of NS-causing mutations;
Pandit et al., 2007), the almost invariant missense change in SHOC2
(p.Ser2Gly; Cordeddu et al., 2009), and the narrow spectrum of patho-
genic variants in PPP1CB (Gripp et al., 2016) and MRAS (see below),
functionally converge to favor the dephosphorylated status of
RAF1 at Ser?>®, which is a crucial step in RAF1 catalytic activation
(Young et al., 2018).

3 | THELAST 5 YEARS: NOVEL
RASOPATHY GENES, NEW RASOPATHIES
AND MORE

The clinical and molecular aspects of RASopathies have been outlined
by a number of dedicated reviews (Aoki, Niihori, Inoue, &
Matsubara, 2016; Rauen, 2013; Tajan, Paccoud, Branka, Edouard, &
Yart, 2018; Tartaglia & Gelb, 2010; Tidyman & Rauen, 2016). Here,
we provide an overview on the discoveries collected during the last
5 years, which have delivered unexpected insights (e.g., NS as a reces-
sive disease) and allowed to profile new RASopathies, novel disease
genes, and new molecular circuits contributing to the control of RAS-
MAPK signaling. Only genes with robust and definitely established
clinical link to RASopathies are here discussed.

3.1 | Enhanced MAPK1 function causes a new
neurodevelopmental disorder within the RASopathy
clinical spectrum

Two years ago, nearly 20 years from the discovery of PTPN11 as the
first gene implicated in NS, the mitogen-activated protein kinase
1 gene (MAPK1, MIM: 176948), also known as extracellular signal-
regulated protein kinase 2 (ERK2), encoding the terminal tier of the
MAPK cascade, joined the group of the signal transducers mutated in
the RASopathies.

As an effector of the MAPK pathway, MAPK1/ERK2 modulates
the activity of hundreds of cytoplasmic and nuclear proteins (Unal,
Uhlitz, & Blithgen, 2017). Inactive ERK is located in the cytoplasm;
upon activation, it translocates to the nucleus, regulating gene expres-
sion. The catalytic activity of this ubiquitously expressed protein ser-
ine/threonine kinase requires MEK-mediated phosphorylation of two

185 187 which are

regulatory phosphorylatable residues, Thr**> and Tyr
located within an “activation” segment, favoring a conformation of
the catalytic domain stabilizing the active site (Roskoski Jr., 2012;
Rubinfeld & Seger, 2005). Dephosphorylation of Thr!®> and Tyr'®” is

catalyzed by MAPK phosphatases (MKPs) and is a required step for

Seminars in Medical Genetics

the inactivation of the kinase. The reversible phosphorylated state of
these two residues controls the magnitude and duration of activation
as well as the nuclear localization of the kinase, which, in turn, deter-
mines the nature of the cellular response to stimuli. Specificity in sub-
strate binding is mainly attained by interactions mediated by two
“docking sites,” named D-recruitment site (DRS) and F-recruitment
site (FRS; Peti & Page, 2013; Reményi, Good, & Lim, 2006). The DRS
is located behind the ATP-binding pocket and is engaged by partners
that contain a “D-site” consensus sequence, while the FRS is located
below the activation loop and preferentially binds partners that con-
tain a consensus “F-site” sequence (Ghose, 2019).

De novo MAPK1 variants promoting hyperactivation of the kinase
cause a neurodevelopmental disorder within the RASopathy pheno-
typic spectrum (Motta, Pannone, et al., 2020; Motta, Sagi-Dain,
et al., 2020). While variable in terms of severity, the clinical phenotype
of the seven subjects reported so far includes developmental delays
and intellectual disabilities (DD/ID), commonly associated with behav-
ioral problems (Table 2). Postnatally reduced growth occurs in approx-
imately half of affected individuals. Craniofacial anomalies, including
hypertelorism, ptosis, low-set/posteriorly rotated ears with a distinc-
tive morphology, wide nasal bridge, are also common. In some sub-
jects, the facies and co-occurrence of a short/webbed neck, low
posterior hairline, skin features (e.g., multiple lentigines, cafée au lait
spots [CALS]) and reduced growth are suggestive of NS. Congenital
heart defects (e.g., atrial septal defects and mitral valve insufficiency)
were reported in a relatively high proportion of patients, although
hypertrophic cardiomyopathy (HCM) has not been reported. Minor
skeletal defects were also a common finding. None of the subjects has
been diagnosed with cancer.

Pathogenic MAPK1 variants have a non-random distribution and
promote an increased phosphorylation of the kinase, which in turn
enhances the translocation of the protein to the nucleus and boosts
MAPK signaling (Motta, Pannone, et al., 2020; Motta, Sagi-Dain,
et al., 2020). Of note, the collected data indicate that these variants
can be classified within two mechanistic groups affecting either bind-
ing of the kinase to regulators and effectors (amino acid substitutions

318 Glu®?2, and Pro®2) or perturbing the regula-

at residues His®°, Asp
tory mechanism controlling the activation of the kinase (changes at
residues lle”* and Ala'”4). Functional studies showed that the defec-
tive negative regulation exerted by MKP3 (also known as DUSPé), a
dual-specificity protein phosphatase negatively controlling ERK func-
tion, represents a generalizable mechanism for the gain-of-function
(GoF) behavior of these pathogenic variants. Of note, previous work
demonstrated that amino acid substitutions in or close to the DRS can
lead to either GoF or loss of function (LoF) by impairing proper
MAPK1 binding to regulators and substrates, respectively (Brenan
et al,, 2016). The available structural and experimental data support a
model in which disease-causing variants may operate with counteract-
ing effects on MAPK1 function by differentially impacting the ability
of the mutated protein to interact with MAP2K1/2, MKP3 and sub-
strates (Motta, Pannone, et al., 2020; Motta, Sagi-Dain, et al., 2020).
As a recurrent theme in RASopathies, signal dysregulation driven

by pathogenic MAPK1 variants is stimulus reliant. In this case, the
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hyperactive function of MAPK1 retains dependence on MEK activity.
Remarkably, while enhanced MAPK1 activation associated with onco-
genic mutations in upstream signal transducers (e.g., KRAS, HRAS,
NRAS, and BRAF) is a common finding in cancer, MAPK1 mutations
do not represent a major somatic event contributing to oncogenesis.
This finding and the observation that mutations likely have counter-
acting effects possibly explains the minor role of these variants as
driver events contributing to oncogenesis. This is presumably due to
the particular behavior of these mutations, which weaken MKP3 bind-
ing and prejudice MAPK1 dephosphorylation of the regulatory resi-
dues, Thr'® and Tyr'®’, but also may variably impact binding of the
kinase to a large number of interacting proteins, including substrates
(Brenan et al, 2016; Canagarajah, Khokhlatchev, Cobb, &
Goldsmith, 1997; Roskoski Jr., 2015).

Overall, de novo MAPK1 mutations define a new RASopathy.
Although two individuals of the original cohort had features sugges-
tive of NS, systematic screening of the entire MAPK1 coding sequence
in large cohorts of subjects with clinical diagnosis of RASopathy did
not identify other pathogenic variants. This negative result suggests
that MAPK1 mutations are a rare event in subjects with NS-related
features and could be more commonly identified in patients with

unclassified syndromic DD/ID.

3.2 | Two classes of LZTR1 mutations underlie the
dominant and recessive forms of Noonan syndrome

In 2014, LZTR1 (MIM: 600574) was identified as a gene predisposing
to schwannomatosis (MIM: 162091; Piotrowski et al., 2014), an adult-
onset tumor predisposition disease clinically and genetically distinct
from neurofibromatosis type 1 (MIM: 162200) and type 2 (MIM:
101000). A wide spectrum of pathogenic variants was identified,
including missense, nonsense, frameshift and splice site changes, spot-
ted throughout the entire coding sequence. One year later, heterozy-
gous germline variant in the same gene were discovered to cause NS
(Yamamoto et al., 2015). Similar missense variants had previously
been reported in two additional subjects with NS but were not con-
sidered as clinically relevant (P. C. Chen et al., 2014). Intriguingly, all
NS-associated variants were reported as missense changes clustering
at the N-terminus of the protein, suggesting a specific functional
impact. In 2018, biallelic variants in LZTR1 were reported to cause a
recessive form of NS in 12 families (Johnston et al., 2018). The occur-
rence of both dominant and recessive forms of NS was confirmed the
following year (Pagnamenta et al., 2019; Umeki et al., 2019). The two
reports also confirmed the mutually exclusive spectrum of LZTR1 vari-
ants occurring in dominant and recessive NS.

The leucine zipper-like transcriptional regulator 1 (LZTR1) is a
widely expressed protein that localizes to the cytoplasmic surface of
the Golgi network and is characterized by six tandemly arranged Kelch
motifs at the N-terminus and two BTB/POZ (broad complex, tram-
track and bric-a-brac/Pox virus and zinc finger) domains at the C-
terminus (Nacak, Leptien, Fellner, Augustin, & Kroll, 2006). LZTR1
functions as a substrate receptor for cullin 3 (CUL3)-RING ubiquitin

ligase (CRL3) complexes, with the BTB domains mediating binding to
CUL3 and the tandem Kelch motifs constituting the substrate recogni-
tion domain (Frattini et al., 2013). Remarkably, by using different
experimental approaches, five teams provided evidence supporting a
role of LZTR1 in the negative control of RAS activity and/or MAPK
signaling (Abe et al., 2020; Bigenzahn et al., 2018; Castel et al., 2019;
Motta et al., 2019; Steklov et al., 2018). Conflicting evidence, how-
ever, remains regarding the ability of LZTR1 to bind to multiple mem-
bers of the RAS and RRAS subfamilies or specifically the RIT1 and
MRAS GTPases, and whether ubiquitination of these substrates cause
their degradation or subcellular redistribution.

The biochemical and functional characterization of a representative
panel of missense LZTR1 mutations associated with the dominant and
recessive NS forms has enabled an understanding of their impact on
intracellular signaling (Motta et al., 2019). Differently from what was
observed for the recessive variants, dominantly acting, NS-causing vari-
ants did not affect LZTR1 stability and subcellular localization nor perturb
proper binding to CUL3. Moreover, overexpression of dominant, NS-
causing LZTR1 mutants, but not mutants containing missense changes
implicated in recessive NS, were found to enhance stimulus-dependent
MAPK signaling. By using a homology model of the Kelch domain of
LZTR1, dominantly acting LZTR1 variants were found to map at the tips
of the loops of the domain predicted to constitute the surface mediating
binding to the substrate (Motta et al., 2019). Taken together, these data
suggest a model that considers LZTR1 as operating in a CRL3 complex
that negatively modulates RAS-MAPK signaling. In this complex, LZTR1
functions as a substrate receptor that negatively control RAS proteins
pool and their availability, either directly or indirectly. Based on this
model, dominant NS-causing LZTR1 mutations specifically affect the sur-
face of the Kelch domain mediating binding of the substrate to the CRL3
complex, impairing the adapter function of LZTR1, but do not perturb its
binding to CUL3. As a consequence, pathogenic variants exert a domi-
nant negative effect causing impaired substrate ubiquitination and degra-
dation. A similar effect requires biallelic hits when variants have LoF
behavior, either affecting protein synthesis, stability, or binding to CUL3
(Motta et al., 2019).

Subjects with pathogenic LZTR1 variants generally show a “classi-
cal” NS phenotype, having short stature, typical facies, short/webbed
neck, pectus deformity, cardiac involvement, and intellectual disability
as recurrent features (Table 2). The most common cardiac defects
include HCM, pulmonary valve stenosis (PVS), and atrial septal defect
(Johnston et al., 2018; Umeki et al., 2019; Yamamoto et al., 2015;
Pagnamenta et al., 2019). The available current data indicate that
affected subjects with biallelic variants show a high prevalence of
HCM (70%; Pagnamenta et al., 2020). Large size cohorts are required

to confirm this clinically relevant genotype-phenotype correlation.
3.3 | Loss of SPRED2 function cause a recessive
form of Noonan syndrome

The three members of the SPRED family (i.e., SPRED1, SPRED2, and
SPRED3) are negative regulators of signaling elicited by cell-surface
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receptor tyrosine kinases. Specifically, they negatively control MAPK sig-
naling by favoring neurofibromin binding to activated GTP-bound RAS
(Lorenzo & McCormick, 2020). Among these, SPRED3 appears to have a
lower inhibitory activity (Kato et al., 2003), possibly as a result of a
reduced binding affinity for neurofibromin (Hirata et al., 2016). Wide and
partially overlapping expression patterns have been reported for SPRED1
and SPRED2, with the former being more broadly expressed during
embryogenesis (Engelhardt et al., 2004), while a more restricted expres-
sion has been reported for SPRED3, being limited to the brain (Kato
et al.,, 2003). These observations suggest a differential role of the three
proteins in controlling MAPK signaling, which is in line with the different
phenotypes characterizing the generated knock-out mice (Bundschu
et al.,, 2005; Denayer et al., 2008; Inoue et al., 2005; Motta et al., 2021).
Of note, partial redundancy in Spred1 and Spred2 function has been
documented (Taniguchi et al., 2007).

The SPRED proteins share a similar domain organization and
(Bundschu, Walter, & Schuh, 2007;
McCormick, 2020). These proteins are characterized by an N-terminal
Enabled/VASP homology 1 (EVH1) domain, a central c-Kit related
binding domain (KBD; missing in SPRED3), and a C-terminal cysteine-

function Lorenzo &

rich Sprouty-related (SPR) domain. The EVH1 domain is essential for
the inhibitory function of SPRED proteins exerted on RAS since it
mediates binding of the protein to neurofibromin (King et al., 2005;
Yan et al., 2020). The SPR domain is subjected to post-translational
processing (i.e., palmitoylation) and is responsible for binding of
SPRED proteins to the cytoplasmic leaflet of membranes (Wakioka
et al., 2001; Lim et al., 2002; Kato et al., 2003).

Biallelic LoF variants in SPRED2 (MIM: 609292) have recently
been identified as underlying a disorder clinically resembling NS
(Table 2; Motta et al., 2021). Four affected subjects from three unre-
lated families have been reported, though at least two additional indi-
viduals with similar phenotype and carrying biallelic inactivating
SPRED2 variants have been identified (Tartaglia, unpublished data).
Shared features of the originally reported patients include DD/ID,
facial dysmorphism (e.g., bitemporal narrowing, hypertelorism, down-
slanting palpebral fissures, low-set/posteriorly rotated ears), low pos-
terior hairline with a webbed/short neck, and cardiac involvement
(HCM and/or PVS). Short stature with relative macrocephaly was
documented in three individuals, and typical NS chest anomalies and
other skeletal defects (spine) were also common findings. No lymph-
edema or skin/ectodermal anomalies were noted except for the
occurrence of deep palmar creases (2/4 cases; Motta et al., 2021). Of
note, while CALS and freckling are common in Legius syndrome, a
RASopathy caused by heterozygous LoF variants in SPRED1 (Brems &
Legius, 2013), these features were not observed in subjects with bial-
lelic LoF of SPRED2. The recessive inheritance of this new RASopathy
further indicates a differential requirement of SPRED2 and SPRED1
function in developmental processes.

The identified pathogenic variants include missense, frameshift
and truncating changes. All tested variants were demonstrated to vari-
ably affect SPRED2 stability, causing accelerated degradation, or
impair proper targeting of the protein to the plasma membrane upon

stimulation or protein binding to neurofibromin (Motta et al., 2021). A
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similar behavior had previously been reported for the SPRED1 patho-
genic variants causing LGSS (Stowe et al., 2012; Hirata et al., 2016;
Yan et al., 2020). These effects converge toward a flawed down-
modulation of RAS-MAPK signaling resulting in an overall stimulus-
dependent hyperactivation of the MAPK cascade, which was con-
firmed in transfected cell lines and primary fibroblasts, respectively
(Motta et al., 2021).

3.4 | Activating variants of RRAS2 are a rare cause
of Noonan syndrome

The RAS superfamily includes more than 100 small GTPases that con-
trol a wide array of cellular processes (Goitre, Trapani, Trabalzini, &
Retta, 2014). RRAS, RRAS2, and MRAS are the three members of the
RRAS subfamily considered as the closest relatives of the “classic”
RAS proteins, HRAS, KRAS, and NRAS (Weber & Carroll, 2021). While
the physiological role of these GTPases is still poorly understood, the
identification of pathogenic variants in both cancer and developmen-
tal disorders document their important function on cellular processes
(Flex et al., 2014; Ceremsak et al., 2016; Higgins et al., 2017; Capri
et al., 2019; Niihori et al., 2019; Motta, Sagi-Dain, et al., 2020). The
functional motifs and domains of these six GTPases are relatively con-
served, including the post-translational processing at the C-terminus,
which however involves different lipidation events in individual pro-
teins (Weber & Carroll, 2021). RRAS is geranylgeranylated and palmi-
toylated, whereas MRAS is only geranylgeranylated. Similar to the
“classic” RAS proteins, RRAS2 is palmitoylated and farnesylated,
which might explain why this GTPase strongly activates MAPK signal-
ing compared with RRAS and MRAS (Weber & Carroll, 2021). Simi-
larly, the regulatory mechanism controlling the switch-on/switch-off
of these GTPases is conserved. “Classic” RAS and RRAS GTPases
share some of the GEFs and GAPs regulating their activity, though
specificity is also present (Weber & Carroll, 2021). RRAS proteins are
able to activate redundant and distinct effectors, and variably activate
the MAPK cascade by different mechanisms.

RRAS2, also known as teratocarcinoma oncogene 21 (TC21),
being originally cloned from a human teratocarcinoma cDNA library
(A. M. Chan, Miki, Meyers, & Aaronson, 1994), shares >50% amino
acid sequence homology with HRAS, which reaches 80% when
excluding the hypervariable C-terminal tail. RRAS2 controls multiple
cellular processes, including proliferation, survival, and migration, and
its functional dysregulation has been documented to contribute to
oncogenesis (COSMIC database, https://cancer.sanger.ac.uk/cosmic).
A number of oncogenic variants have been reported in a variety of
solid tumors, including carcinomas of the endometrium, prostate, lung
and liver. These somatic mutations are missense and affect residues
homologous to the cancer-associated ones mutated in HRAS, KRAS
and NRAS. Of note, the p.GIn72Leu change (equivalent to p.GIné1Leu
in “classical” RAS proteins) was identified as driver event in isolated
JMML (Ceremsak et al., 2016). Using an inducible RRAS2%72! knock-in
mouse model, it was recently shown that this mutation triggers rapid

development of a wide spectrum of tumors having limited overlap
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with those originated by oncogenic mutations in “classical” RAS
genes, and showing tissue-specific pharmacological vulnerabilities,
which however not included inhibition of MAPK signaling (Fernandez-
Pisonero et al., 2022).

More recently, RRAS2 was independently identified by two teams
as a gene implicated in NS (Capri et al., 2019; Niihori et al., 2019).
Structural inspection of the affected amino acids indicates that the
identified mutations affect residues localized around the nucleotide
binding pocket of the GTPase. These residues do not only play a criti-
cal role in GDP/GTP exchange and GTP hydrolysis but are also
involved in stabilization of the switch regions, which mediate binding
of RRAS2 to regulators and effectors. Biochemical analyses have con-
firmed these structural predictions, documenting an increased intrinsic
and stimulated nucleotide exchange and reduced GTP hydrolysis in
RRAS2479T_ The tested mutants were observed to function as hyper-
active proteins in ELK1 transactivation experiments and variably pro-
mote increased MEK/ERK phosphorylation, while no obvious effect
on the PIBK-AKT pathway was documented (Capri et al., 2019; Niihori
et al, 2019). A subset of variants was also functionally assessed
in vivo using zebrafish as a model system, documenting their impact
on developmental processes affected in NS (Niihori et al., 2019).

Nine patients were originally reported. The overall phenotype
associated with RRAS2 mutations fits well within the clinical spectrum
of NS even though they appeared variable in terms of severity, with
most subjects having features fitting typical NS (Table 2). Some
patients, however, showed a relatively mild phenotype, while two had
a complex and particularly severe condition and neonatal lethality
(Capri et al., 2019; Niihori et al., 2019). Of note, prenatal features
(nuchal edema, polyhydramnios, and/or cardiomyopathy) were
reported in a large proportion of cases, and only a small proportion of
the reported patients showed PVS or HCM, though these associations
require larger cohorts to be validated. One additional subject carrying
a de novo missense change affecting GIn’2 (p.GIn72Leu), identified
prenatally due to macrosomia, hydrocephalus, Dandy Walker malfor-
mation, and suspected arrhythmia, was more recently reported
(Weinstock & Sadler, 2022). Similar to the two originally described
patients heterozygous for nucleotide substitutions affecting this resi-
due (corresponding to GIn®? of “classical” RAS proteins), this subject
showed a severe and rapid lethal course of NS. He also was diagnosed
with JMML. These findings, which provide the first evidence of the
occurrence of genotype-phenotype correlations for this gene, indi-
cate that mutations in RRAS2 are generally associated with a classic
NS phenotype (Capri et al., 2019; Niihori et al., 2019) but can be asso-
ciated with a particularly severe disorder depending on the strength
of the activating behavior. Based on the large screened cohorts,
RRAS2 mutations are expected to account for a small propor-
tion of NS.

3.5 | MRAS and the SHOC2/PPP1CB complex

One of the genes recently reported to be implicated in NS is MRAS
(MIM: 608435), which encodes a member of the RRAS subfamily (see

above). This GTPase is implicated in a wide array of cellular processes
(e.g., differentiation, cytoskeletal remodeling, polarity, and cell migra-
tion) by modulating multiple signaling pathways, including the MAPK
and PI3K-AKT cascades (Young & Rodriguez-Viciana, 2018;
Endo, 2020). While MRAS is a weaker activator of the MAPK pathway
compared to the members the RAS subfamily (Rodriguez-Viciana,
Sabatier, & McCormick, 2004), it is also part of a recently character-
ized circuit that positively regulates MAPK signaling by promoting
SHOC2-mediated translocation of the catalytic protein phosphatase
1 subunit (PP1C) to the plasma membrane. This is a key event that is
required for the stable interaction of RAF proteins with GTP-bound
RAS and subsequent activation of the kinases (Rodriguez-Viciana,
Oses-Prieto, Burlingame, Fried, & McCormick, 2006). SHOC2 is a
leucine-rich repeat-containing protein functioning as PP1 regulatory
subunit. The protein is mutated in the vast majority of patients with
Mazzanti syndrome (MIM: PS607721; Cordeddu et al., 2009; Motta
et al., 2022), a RASopathy closely related to NS. These patients gener-
ally share a de novo missense change (p.Ser2Gly) promoting constitu-
tive targeting of SHOC2 to the plasma membrane due to aberrant co-
translational processing (N-myristoylation; Cordeddu et al., 2009). The
other member of the complex, PP1C, is known to interact with hun-
dreds of regulatory proteins conferring substrate specificity and
unique properties. Of note, missense mutations in PPP1CB [MIM:
600590], encoding one of the three catalytic PP1 subunits, account
for the residual cases of Mazzanti syndrome (Gripp et al., 2016).

While activating mutations in MRAS are rarely found in cancer
(COSMIC database), a narrow spectrum of de novo variants has
recently been reported in six patients with clinical diagnosis of NS
(Higgins et al., 2017; Suzuki et al, 2019; Motta, Sagi-Dain,
et al., 2020; Pires et al., 2021). The three affected residues, Gly?3,
Thr®®, and GIn’?, are highly conserved in all RAS orthologs and para-
logs; they have a crucial role in the catalytic activity of the GTPase,
and the corresponding codons (Gly*3, Thr*®, and GIn®? in H/K/NRAS)
are well known hotspots for cancer-associated and/or RASopathy-
causing mutations in other RAS proteins (Motta, Sagi-Dain,
et al, 2020). One mutation was recurrent (p.Thré8lle) and two
involved the same residue (p.Gly23Arg/Val). The predicted hyperac-
tive behavior has experimentally been confirmed for three mutants
(p.Gly23Arg, p.Gly23Val, and p.Thré8lle), documenting impaired
GTPase activity, which was associated with constitutive plasma mem-
brane targeting, prolonged localization in non-raft microdomains,
enhanced binding to PPP1CB and SHOC2, and variably increased
MAPK and PI3K-AKT activation, which was cell context-dependent
(Motta, Sagi-Dain, et al., 2020).

Among the cardinal features of NS, all subjects had HCM, which
was particularly severe in five subjects, leading to cardiac features and
neonatal death in two (Table 2; Higgins et al, 2017; Suzuki
et al, 2019; Motta, Sagi-Dain, et al., 2020; Pires et al., 2021). This
finding suggests that MRAS mutations should be considered as a par-
ticularly high risk factor for the development of early-onset and
severe HCM (having poor prognosis in most cases), similar to what
has been reported for mutations in RIT1, PTPN11 and RAF1 (limited to
specific classes), and LZTR1 (limited to biallelic events). Two large
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cohorts of patients were systematically assessed for MRAS mutations
(Motta, Sagi-Dain, et al., 2020). A single patient was identified among
288 individuals with a clinical diagnosis of a RASopathy who had pre-
viously been tested negative for all known RASopathy-associated
genes, and no mutation was identified in an unselected cohort of
1840 subjects with a clinical diagnosis of RASopathy or with features
suggestive of these disorders. These data suggest that the frequency
of MRAS-related NS is relatively rare, possibly due to the severe,
often neonatally lethal phenotype.

The finding that the clinical features associated with MRAS muta-
tions fall well within the NS phenotypic spectrum (see below) and are
not reminiscent of Mazzanti syndrome suggests that the impact of
dysregulated MRAS function on intracellular signaling is not equiva-
lent to the dysregulation driven by upregulated SHOC2 and PPP1CB
function. Another aspect requiring further investigation is the specific
link between MRAS hyperactivation and HCM. Accumulated evidence
indicates that both the MAPK and PI3K-AKT-mTOR pathways con-
tribute to HCM in RASopathies (Gelb, Roberts, & Tartaglia, 2015), and
depending upon the cellular context, NS-causing MRAS mutants dif-
ferentially impact MAPK and PI3K-AKT signaling cascades (Motta,
Sagi-Dain, et al., 2020). Hyperactive MRAS was demonstrated to be
both necessary and sufficient to elicit a cardiac hypertrophy pheno-
type in iPSC-derived cardiomyocytes (Higgins, Bos, Dotzler, John
Kim, & Ackerman, 2019). While RAS-MAPK signaling was confirmed
to be upregulated and contribute to the hypertrophic endophenotype
in the used in vitro model, further effort is required to a deeper under-

standing of the pathway(s) implicated in MRAS variant-related HCM.

4 | CLOSING REMARKS

While “functional candidacy” has successfully been used to identify
several genes implicated in RASopathies, more recently the use of a
“hypothesis-free” approach based on genome sequencing has allowed
to discover novel disease genes whose function in RAS signaling had
not been appreciated or was poorly defined. Notwithstanding these
successes, the clinical diagnosis remains molecularly unsubstantiated
in a significant proportion of individuals (up to 20% of cases with sug-
gestive phenotypes). This indicates that other genes are implicated in
this family of disorders or that genocopies (i.e., diseases with clinical
overlap with RASopathies but with different pathogenetic bases)
account for these patients. We anticipate that the routine application
of genomic sequencing in the clinical practice will enable answering
this open question in the next few years and is expected to provide
further insights on other molecular mechanisms and circuits function-

ally linked to RAS signaling.
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